Analyzing Protein-DNA Recognition Mechanisms  by Paillard, Guillaume & Lavery, Richard
Structure, Vol. 12, 113–122, January, 2004, 2004 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .str .2003.11.022
Analyzing Protein-DNA Recognition Mechanisms
the linker bases are not directly contacted by the proteinGuillaume Paillard and Richard Lavery*
Laboratoire de Biochimie The´orique (Koudelka and Carlson, 1992). Such results have led to
the idea that recognition generally involves both directCNRS UPR 9080
Institut de Biologie Physico-Chimique (hydrogen bonding, steric fit, etc.) and indirect (DNA
structural adaptation) components.13 rue Pierre et Marie Curie
Paris 75005 These components are also sometimes referred to as
digital and analog recognition. This particular choice ofFrance
words suggests that characterizing the analog (indirect)
part of recognition will probably be more difficult, be-
cause it does not rely on a defined set of pairwise inter-Summary
actions. This difficulty is clear in the various studies that
have looked at protein-DNA complexes from a geometri-We present a computational algorithm that can be
cal point of view (Dickerson, 1997; Jones et al., 1999;used to analyze the generic mechanisms involved in
Luscombe et al., 2001; Mandel-Gutfreund and Margalit,protein-DNA recognition. Our approach is based on
1998; Suzuki et al., 1995). Analysis of DNA deformationenergy calculations for the full set of base sequences
has generally been limited to chosen base pair stepthat can be threaded onto the DNA within a protein-
parameters (slide, roll, twist, etc.) or to overall character-DNA complex. It is able to reproduce experimental
istics such as axial bending or changes in groove width.consensus binding sequences for a variety of DNA
In addition, analysis is often hindered by the absencebinding proteins and also correlates well with the order
of an unbound DNA conformation, by an unbalancedof measured binding free energies. These results sug-
dataset of dinucleotide step structural parameters (as-gest that the crystal structure of a protein-DNA com-
suming that a dinucleotide step model is appropriate),plex can be used to identify all potential binding se-
and an almost complete absence of information on thequences. By analyzing the energy contributions that
sequence-dependent mechanical and dynamical prop-lead to base sequence selectivity, it is possible to
erties of DNA.quantify the concept of direct versus indirect recogni-
A thermodynamic analysis of protein-DNA binding cantion and to identify a new concept describing whether
also give insight into direct and indirect forms of recogni-the protein-DNA interaction and DNA deformation
tion. This is the case for recent studies by Jen-Jacobsenterms select optimal binding sites by acting in accord
et al. (2000), which show that complex formation can beor in disaccord.
driven by either enthalpic or entropic terms. Complexes
with little DNA deformation (presumably dominated by
Introduction direct recognition mechanisms) have favorable forma-
tion enthalpies and unfavorable formation entropies,
Early studies of protein-DNA complexation generally as- whereas the reverse is true for complexes with strongly
sumed that there should be a simple code to explain deformed DNA (presumably dominated by indirect rec-
sequence specificity. The first attempts at developing ognition mechanisms). The results also show that pro-
such a code therefore analyzed the specific hydrogen tein-DNA complexes do not form two distinct classes,
bonding between amino acid side chains and the DNA but are more or less uniformly distributed over a very
bases (Seeman et al., 1976). However, as the structures large range of enthalpy and entropy values.
of more protein-DNA complexes became available, it We would now like to take a further step toward under-
became clear that such direct interactions are only part standing protein-DNA binding by using a novel modeling
of the story. Detailed studies of hydrogen bonding have approach that can locate good binding sequences for
notably shown that, while specific side chain-base inter- a chosen protein and, by further analysis, generate
actions certainly exist, the majority of hydrogen bonds quantitative indices describing direct and indirect rec-
involve the DNA backbones (Mandel-Gutfreund and ognition. When designing this approach, we chose a
Margalit, 1998; Mandel-Gutfreund et al., 1995). This detailed all-atom representation and an atomic force
underlines the importance of the overall DNA conforma- field that have already been used successfully to study
tion within a complex and implies that sequence-depen- the conformational and mechanical properties of DNA
dent changes in DNA structure, or in its mechanical or (Cheatham and Young, 2000; Giudice and Lavery, 2002,
dynamic properties, can also play a role in recognition. 2003). We carried out energy calculations for those
Such effects have been observed in a number of com- terms that seemed most likely to drive sequence-spe-
plexes, such as the TATA box binding protein (TBP), cific recognition, namely protein-DNA interaction and
where minor groove binding is enhanced by prebending DNA deformation, and chose to ignore all other terms
the DNA (Parvin et al., 1995). Certain dimeric helix-turn- (protein deformation, solvent and ion release, conforma-
helix (HTH) proteins, such as the 434 repressor, also tional entropy, rotational and translational entropy, etc.).
show that binding depends on the sequence of the linker Last, by using a multicopy representation for the DNA
region between the major groove binding sites, although bases (Lafontaine and Lavery, 2000a, 2000b), we were
able to study all possible base sequences for a given
complex. This is normally impossible since, for a binding*Correspondence: rlavery@ibpc.fr
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site of N base pairs, the number of possible sequences protein that bind selectively to either GC-rich or AT-rich
sites (Elrod-Erickson et al. , 1996, 1998; Wolfe et al.,(4N) grows exponentially with the length, and for typical
values of N (10→15) this implies studying between 106 2001). Second, we have considered the effects of signifi-
cant protein conformational changes by comparing twoand 109 base sequences.
It should be remarked that several other authors have conformations of GCN4 bound to the ATF/CREB (Keller
et al., 1995) and AP1 (Ellenberger et al., 1992) sites.developed energy-based methods for analyzing the se-
quence selectivity of protein-DNA interactions. However, Third, we have considered the BamH1 endonuclease
bound to both its cognate site (Viadiu and Aggarwal,these methods have either targeted only protein-DNA
interaction energy, using effective potentials derived 1998) and to a noncognate sequence (Viadiu and Aggar-
wal, 2000). The latter complex can consequently be con-from known complexes (Kono and Sarai, 1999; Selvaraj
et al., 2002), or only DNA deformation energy, using a sidered as the only example in the table of a nonspecific
protein-DNA interaction.harmonic base pair step deformation model (Steffen et
al., 2002). An alternative approach based on hidden Mar- For each chosen protein complex, after adding and
optimizing the position of missing hydrogen atoms, wekov models (Thayer and Beveridge, 2002) has recently
been developed to combine sequence data and informa- have replaced the crystallographic DNA sequence with
an average sequence (having 25% of AT, TA, CG, andtion on sequence-dependent DNA dynamic flexibility
(derived from a base pair step analysis of molecular GC base pairs at each site, see Experimental Proce-
dures) and then energy minimized the DNA conformationdynamic simulations).
We have applied our approach to 18 protein-DNA while restraining the position of the atoms belonging to
the protein-DNA interface. This “reprocessed” complex,complexes involving a range of binding motifs and hav-
ing binding sites that range in length from 8 to 18 base where fine structural details associated with the specific
DNA sequence in the crystal have been erased, is thenpairs. The results show that we are able to satisfactorily
reproduce the experimental consensus sequence of used for calculations of protein-DNA complexation en-
ergy for the full combinatorial set of the possible baseeach complex and, in two cases for which data exist, we
have also obtained good agreement with experimental sequences (4N for N base pairs). We recall that, in our
approach, the total complexation energy (denoted Etot)sequence-dependent changes in binding free energy.
We then go on to use the set of best binding sequences is composed of only two terms, the protein-DNA interac-
tion energy (Eint) and the DNA deformation energy (Edef,to establish quantitative indices describing the contribu-
tion of direct and indirect recognition within each com- calculated as the energy difference between the bound
DNA conformation and a canonical B-DNA).plex. This analysis not only confirms that the importance
of these two terms varies widely from one complex to
another, but also brings to light a new aspect of recogni-
Predicted Binding Energies and Lengthtion that can be used to further our overall understanding
of Site Recognizedof generic recognition mechanisms.
Having carried out energy calculations for all possible
base sequences, we will assume that potential binding
sites are those with the most negative total complex-Results
ation energies. We select these sites by using an energy
cutoff, initially chosen to be 5 kcal·mol1 with respectChoice and Preparation of Protein-DNA
Complexes to the lowest calculated value. We will justify this choice
below. This cutoff typically identifies several hundredWe have studied the sequence dependence of binding
of 18 monomeric and dimeric proteins involving a range sites out of the millions that have been tested, although
the exact number depends both on the binding selectiv-of binding site lengths, binding motifs, and degrees of
DNA deformation. In each case, well-resolved crystallo- ity of a given protein and on the length of the DNA
fragment considered. In passing, it is remarked that thegraphic coordinates for the corresponding protein-DNA
complexes were available and used as the basis for our DNA sequence corresponding to the crystal structure is
always low in energy, but is rarely the optimal sequence.calculations. The PDB access codes and the corre-
sponding references are listed in Table 1. Note that Differences are generally confined to bases flanking the
nominal recognition site, except in cases where a clearlyalthough some of the chosen complexes involve water-
mediated hydrogen bonds at the protein-DNA interface nonoptimal sequence was used in the crystallographic
study.(e.g., the trp repressor; Otwinowski et al., 1988), all crys-
tallographic water molecules have been excluded from Following this selection, none of the results we will
present below depend on the energy ordering of thethe present study.
Certain complexes in Table 1 were chosen for specific sequences belonging to the group of strongly binding
sites. It is, however, interesting to see whether this orderreasons. First, we have considered both human and
Arabidopsis thaliana TBP complexes, including, in the indeed matches experimental data. Figure 1 presents
two examples of such comparisons. The left hand plotlatter case, structures bound to four different promoter
sequences (Patikoglou et al., 1999). The comparison shows the changes in binding free energy as a function
of the sequence of the central base pairs of the bovineof these complexes enables us to test whether minor
changes in the geometry or in the sequence of the crys- papillomavirus E2 site (Hines et al., 1998). These base
pairs, lying between the binding sites of the two “recog-tallographic DNA fragment have a significant influence
on binding selectivity. For the same reason, we have nition” helices, are not contacted by the protein, and
their influence on the binding free energy covers a rangealso studied several variants of the Zif268 zinc-finger
Analyzing Protein-DNA Recognition Mechanisms
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Table 1. Protein-DNA Complexes Studied
Complex Reference PDB Ltot Lint Ldef Lexp
Human TBP (Nikolov et al., 1996) 1CDW 7.1 2.5 6.8 7.5
Arabidopsis TBP (Patikoglou et al., 1999) 1QN9 8.1 3.6 7.3 7.5
Arabidopsis TBP (Patikoglou et al., 1999) 1QN5 8.1 2.9 7.9 7.5
Arabidopsis TBP (Patikoglou et al., 1999) 1QNE 7.5 2.9 7.1 7.5
Arabidopsis TBP (Patikoglou et al., 1999) 1QN7 7.4 3.0 8.1 7.5
EcoRV (Thomas et al., 1999) 2B94 7.2 4.5 4.4 6.0
BamH1 (Viadiu and Aggarwal, 1998) 2BAM 7.2 6.1 4.6 6.0
BamH1 noncog. (Viadiu et al., 2000) 1ESG 3.8 2.2 0.6 —
BPV-1 E2 (Hegde et al., 1992) 2BOP 9.4 5.6 5.4 10.0
CAP (Parkinson et al., 1996) 1BER 11.4 5.1 3.1 10.5
cl repressor (Beamer and Pabo, 1992) 1LMB 12.7 10.3 6.3 15.5
trp repressor (Otwinowski et al., 1988) 1TRO 12.5 2.9 4.5 18.5
GCN4 AP-1 (Ellenberger et al., 1992) 1YSA 8.4 5.8 2.8 9.0
GCN4 ATF/CREB (Keller et al., 1995) 2DGC 7.5 6.0 3.7 7.5
Zif268 (Elrod-Erickson et al., 1996) 1AAY 9.2 7.0 1.5 9.0
Zif268 (Elrod-Erickson et al., 1998) 1A1I 8.5 6.1 1.6 9.0
Zif268 (Elrod-Erickson et al., 1998) 1A1H 9.7 6.6 1.4 9.0
Zif268/TATA (Wolfe et al., 2001) 1G2F 8.5 5.9 3.3 9.0
Calculated (Ltot) and experimental (Lexp) binding sites lengths (measured as numbers of base pairs) are shown, as well as the calculated values
corresponding to direct (Lint, protein-DNA interaction) and indirect (Ldef, DNA deformation) energy contributions.
of less than 2 kcal·mol1. It can, however, be seen that by our energy cutoff, this implies that the equivalent of
B base pairs (where 4B  M) remain undefined afterthe calculated complexation energy changes are very
well correlated with the experimental results. This is also protein binding (since all M sequences satisfy our bind-
ing energy criteria). If the total length of the DNA frag-the case in the right hand plot, which shows binding as
a function of changes in the base pairs that flank the 6 ment in the complex studied is N base pairs, we can
deduce that protein binding has determined N B basebase pair consensus site of BamH1 (Engler et al., 2001).
Again the range of experimental free energies is less pairs. This number will be termed the total binding site
length and will be denoted by Ltot. Note that by a simplethan 2 kcal·mol1, but it correlates well with our calcula-
tions. This comparison suggests although the protein- manipulation, it is possible to write Ltot  N  (log
M/log 4).DNA and DNA deformation energies together clearly
cannot predict the magnitude of individual binding free The calculated binding site lengths are listed in Table
1 for the 18 complexes studied and are compared withenergies, they do appear to be able to predict ordering
of good binding sequences, which also implies that the equivalent experimental values, Lexp. Lexp is calcu-
lated from the experimental consensus sequence (Ma-terms we have ignored (protein deformation, desolva-
tion, ion release, entropy, etc.) do not play a major role tys et al., 2003) by counting 1 for a fully defined base
pair, 0.5 for a two-base mixture, 0.2075 for a three-basein this process.
We now address the question of whether our 5 kcal· mixture, and 0 for an undefined position (that is, 1 log
n/log 4 for an n base mixture) and by summing up thesemol1 cutoff is reasonable. A first answer can be ob-
tained by noting that it is possible to convert the number values for all bases in the binding site.
The results in Table 1 show that there is a good agree-of sequences selected by the cutoff into an effective
binding site length (expressed as a number of base ment between the theoretical and experimental binding
site lengths for nearly all complexes. The only significantpairs). This conversion is simply based on the observa-
tion that N base pairs are associated with 4N possible disagreements occur for the dimeric complexes of CAP,
the cl repressor, and the trp repressor. The theoreticalbase sequences. Therefore, if M sequences are selected
Figure 1. Experimental Sequence-Dependent
Binding Free Energies Plotted Against the
corresponding Theoretical Estimates of Com-
plexation Energy
All values are in (kcal·mol1). (Left) Various
4 base pair linker sequences in the center of
the BPV1-E2 site (Hines et al., 1998); (right)
various 3 base pair sequences (GTG...CAC,
TAT...ATA, ..., CGG...CCG) (Engler et al., 2001)
flanking the 6 base pair BamH1 binding site
GGATCC.
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result for the trp repressor is 4 base pairs lower than the contributes to selecting the optimal binding sites, we
can get some insight into how given proteins recognizeexperimental consensus, while the other two complexes
are roughly 2 base pairs lower. This may reflect the their cognate sequences. We recall that Eint, the protein-
DNA interaction energy, is the natural measure of so-approximations of our approach, and, in the case of the
trp repressor, it should be recalled that we have ignored called direct recognition, while Edef, the DNA deformation
energy, can be equated with so-called indirect recog-the water bridges at the protein-DNA interface, which
are believed to be important for recognition (Otwinowski nition.
To carry out this analysis, we need to measure howet al., 1988). However, disagreement may also be due
to an overrestrictive experimental consensus derived much each term contributed to defining the optimal set
of binding sequences, which were selected using anfrom a very small number of well-characterized binding
sites. (As an illustration of this problem, only four experi- energy cutoff on the total energy distribution. We can
answer this question by calculating effective bindingmental sequences were used to generate the trp repres-
sor consensus). site lengths for each energy component. The procedure
is illustrated schematically in Figure 3. We start withThe good overall agreement found between the pre-
dicted and experimental consensus sequences sup- the set of optimal binding sequences defined by the 5
kcal·mol1 cutoff (shown in bold at the bottom of theports our choice of a 5 kcal·mol1 energy cutoff. How-
ever, it should be remarked that calculated binding site total energy distribution on the left of Figure 3). For the
protein-DNA interaction (Eint) and DNA deformation (Edef)lengths are not very strongly dependent on the cutoff,
and increasing its value to 10 kcal·mol1 only reduces distributions, we count how many sequences, M, must
be selected in order to recover all the optimal bindingLtot by roughly 1 base pair.
It is lastly remarked that the complex of BamH1 with sequences defined by the total energy (i.e., all those
below the dotted line shown for the Eint and Edef distribu-a noncognate site stands out by having a very low Ltot
value (3.8). This confirms that it should not be classed tions in Figure 3). From M, we can calculate an effective
binding site length for each energy component, exactlywith the other specific complexes, although it does show
some residual recognition. as described for Ltot above (i.e., Lint  N  log Mint/log
4, Ldef  N  log Mdef/log 4). Note that, by definition,
both Lint and Ldef must lie in the range 0 → Ltot, and thatPredicted Consensus Sequences
Lint  Ldef does not have to equal Ltot. In our schematicAnother way to judge both our energy calculations and
example, the Eint distribution clearly has many more se-the selected energy cutoff is to define a consensus bind-
quences below the dotted line than the Edef distribution,ing sequence for each complex on the basis of the theo-
and, consequently, Lint will be much smaller than Ldef.retically selected set of potential binding sites. This can
We can conclude that in this example recognition isbe done by constructing a sequence logo, where the
dominated by the DNA deformation (indirect) term.contribution of each base at a given site is indicated by
The values of Lint and Ldef are listed in Table 1 for allthe height of the corresponding letter (Schneider and
the complexes studied. A quick look at the table showsStephens, 1990). This representation provides more in-
that the complexes can indeed be classed into differentformation than a simple consensus using the IUPAC 15
families on the basis of the Lint and Ldef values. For theletter code (Cavener, 1987). The results for the com-
different TATA box binding proteins, it is seen that Ldefplexes studied are given in Figure 2 (note that only one
(7–8) is always much greater than Lint (3). This con-Arabidopsis thaliana TBP logo is shown since all four
firms that, as would be expected, TBP belongs to thevariants gave virtually indistinguishable results, and, for
indirect recognition family, with the vast majority of thethe same reason, only one of the three Zif268 variants
sequence selectivity coming from the DNA deformationbinding to GC-rich sequences is shown). This again con-
energy and only minor contributions from a small num-firms that small changes in the geometry or the DNA
ber of specific protein-DNA interactions. For Zif268 andsequence of our input complex have little impact on the
the other zinc-finger variants the reverse is true, Ldef (2)calculated sequence specificity.
is much smaller than Lint (9), almost all the selectivityFor each complex, we compare the computed logo
results from protein-DNA interactions, and we are clearlywith the corresponding experimental data (Matys et al.,
dealing with a direct recognition mechanism. In the case2003). It can be seen that there is generally a very good
of the bovine papillomavirus E2 (BPV-1 E2), we are incorrelation between the theoretical and experimental
an almost perfectly balanced situation, where direct andresults, despite the variety of complexes that have been
indirect mechanisms contribute equally to recognitionstudied. The computed consensus nevertheless often
(Ldef  Lint).shows sequence selectivity outside the nominal consen-
Another way to illustrate these results is to generate
sus site and, in some cases, weaker selection for con-
sequence logos for the protein-DNA and DNA deforma-
sensus bases. This may naturally again be due to the
tion components (using, respectively, the Mint and Mdefapproximations involved in our calculations, but, as re-
sequence sets defined above). The results for Zif268
marked above, may also be due to the often limited
and for human TBP are shown in Figures 4A and 4B and
amount of experimental data used to define consensus
confirm the dominance of protein-DNA interactions in
binding sequences. the former case and of DNA deformation in the latter,
while the BamH1 and CAP complexes, shown in Figures
Deconvoluting Recognition Mechanisms 4C and 4D, have significant contributions from both
Our calculated complexation energies are composed terms. These logos also allow a finer analysis of recogni-
tion by showing where the minor energy component ofof two terms. By looking at how each of these terms
Analyzing Protein-DNA Recognition Mechanisms
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Figure 2. Comparison of the Computed and Experimental Consensus Sequence Logos for the Complexes Studied
The experimental consensus sequences are taken from the TRANSFAC database (Matys et al., 2003). (We show only one example of the four
Arabidopsis thaliana TBP complexes, abbreviated as a.t., and of the Zif268 zinc-finger proteins binding GC-rich sites.)
each complex actually plays a role in fixing the binding to plot Lint against Ldef. However, to avoid any bias due
to changes in the overall length of the binding site, weconsensus.
To provide an overall view of the role of direct versus normalize the component lengths by dividing by Ltot. The
results are shown in Figure 5. In this representation, weindirect recognition in the complexes studied, it is useful
Figure 3. Schematic Diagram Illustrating the
Distribution of Energies for Potential Binding
Sequences of a Typical Protein-DNA Complex
Each sequence is shown as a horizontal line
in the vertical energy distribution. The optimal
binding sequences (shown in bold) are se-
lected within the total energy distribution (Etot,
on the left of the figure) using an energy cut-
off. The same sequences will be distributed
differently within the component energy dis-
tributions (Eint and Edef, on the right of the fig-
ure). Counting how many sequences must be
selected in order to recover all the optimal
binding sequences (again shown in bold) re-
veals how discriminating each energy com-
ponent is in the recognition process (here,
Edef is clearly the most discriminating term).
Structure
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Figure 4. Consensus Sequence Logos Resulting from the Complexation Energy Distribution and from the Two Component Distributions
Sequences logos derived from the complexation energy, the DNA deformation energy, and the protein-DNA interaction energy are shown for
four complexes: (A) Zif268, (B) human TBP, (C) BamH1, and (D) CAP.
would expect complexes driven by direct recognition the complexes mentioned above, namely Zif268, human
TBP, and BamH1 (see Figures 4A–4C), nicely illustratemechanisms to lie at the bottom right corner of the
these situations. The leading diagonal of Figure 5 canfigure, around Lint/Ltot  1 and Ldef/Ltot  0, those driven
thus be used to characterize the direct-indirect natureby indirect recognition to lie at the top left corner, around
of a given complex.Lint/Ltot0 and Ldef/Ltot 1, and intermediate cases to lie
If we look again at Figure 5, it becomes clear thatin the center, around Lint/Ltot  Ldef/Ltot  0.5. Three of
we still need to define another degree of freedom to
completely characterize a given complex. This corre-
sponds to the position of the complexes along the trail-
ing diagonal of the figure between Lint/Ltot  Ldef/Ltot  0
and Lint/Ltot  Ldef/Ltot  1. What recognition mechanism
does this coordinate correspond to?
This question can be answered with the help of the
schematic example shown in Figure 6. We consider a
fictive binding site composed of a single base. Figure
6A shows the Eint and Edef component energies (on a
vertical scale) calculated for each possible base within
the site. In this example, both components agree that
thymine is the most favorable base for binding, and this
is reflected in the Etot distribution (which simply equals
Eint  Edef). Using the 5 kcal·mol1 cutoff (dotted line),
we select T as the optimal base and, by looking at the
Eint and Edef energy distributions, we see that we need
only a single base (shown by the bold lines) to reach
the selection made by the cutoff (Mint  Mdef  1). This
enables us to calculate that Ltot  Lint  Ldef  1  log
1/log 4  1 (see definitions in given earlier). This fictive
complex will therefore lie in the top right corner position
of Figure 5 with Lint/Ltot  Ldef/Ltot 1.
Figure 6B shows a contrasting example, where the
Figure 5. Analysis of Recognition in Terms of Protein-DNA Interac- final base selected by the Etot distribution (again thymine)tion and of DNA Deformation
results from a disagreement between the Eint and EdefEach complex is plotted in terms of the normalized binding site
component distributions. In this case, Eint favors T or C,lengths resulting from protein-DNA interaction (Lint/Ltot) and from
but C is eliminated by a poor ranking in terms of Edef. InDNA deformation (Ldef/Ltot). The leading diagonal of the figure mea-
turn, Edef principally favors G, but G is eliminated by asures direct versus indirection recognition, while the trailing diago-
nal measures concordant versus discordant recognition (see text). poor ranking in terms of Eint. Calculating Etot shows that
Analyzing Protein-DNA Recognition Mechanisms
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Figure 6. Base Selection Can Be Achieved
by Concordant or Discordant Contributions
from Protein-DNA Interaction and DNA Defor-
mation
Schematic illustration of how the base selec-
tion for a fictive, single-base, protein binding
site can be achieved by the protein-DNA (Eint)
and DNA deformation (Edef) energies acting
in a concordant or discordant manner. The
energy cutoff applied to the total complex-
ation energy (Etot) is shown as a horizontal
dotted line. The bases that must be selected
within the Eint and Edef distributions to recover
the Etot base selection (and would be used to
calculate Lint and Ldef) are indicated by bold
horizontal lines: (A) concordant recognition,
(B) discordant recognition.
T is the only base to survive below the 5 kcal·mol1 butions. For CAP, both components again contribute,
but there is little agreement between the optimal basescutoff. Returning to the Eint and Edef distributions leads
to Mint  2 and Mdef  3 (the number of bases needed selected by Eint and Edef along the binding site.
Before ending the discussion of Figure 5, it is worthto reach T within each distribution), and thus Lint/Ltot 
0.5 and Ldef/Ltot  0.2 and the complex will be placed in making a few other remarks. First, small changes in
geometry or limited protein side chain mutations onlythe bottom left corner of Figure 5.
We can conclude that the trailing diagonal of Figure cause small changes in the position of a complex on
this plot. This can be seen for the grouped results for5, and the new characterization of recognition, reflects
whether the optimal binding sites for a complex result the TATA box binding protein and for the Zif268 zinc-
finger variants that bind to GC-rich sites. However, whenfrom agreement or disagreement between the protein-
DNA interaction and the DNA deformation energy distri- the structural changes or mutations are more significant,
this analysis detects the change. This is illustrated bybutions. In the former case, the selected binding sites
result from a common accord between the direct and the Zif268 mutant generated to bind to a TATA box site
(Wolfe et al., 2001). Note that Figure 5 clearly indicatesindirect recognition terms. In the latter case, their dis-
accord leads to a final selection based on sites that that although Zif268/TATA and TBP recognize virtually
identical sites, they do so by very different mechanisms.escape elimination by one of the two contributions. We
term this new characterization “concordant versus dis- The bZIP GCN4 protein furnishes an example of the
impact of structural change in a protein. When GCN4 iscordant recognition.” Returning to our binding site
length measurements, it can be noted that concordant bound to ATF/CREB sites, a smaller angle between the
recognition helices allows only a single base betweenrecognition corresponds to Lint  Ldef  Ltot, while discor-
dant recognition correspond to Lint  Ldef  Ltot. the palindromic parts of the site (TGA-TCA) (Keller et
al., 1995), whereas, with AP-1 sites, the angle increasesIf we return to the complexes plotted in Figure 5, we
can see that BamH1 is a good illustration of concordant to allow for two central bases (Ellenberger et al., 1992).
This difference can be seen in the calculated consensusrecognition (Lint/Ltot 0.85 and Ldef/Ltot 0.64), while CAP
provides an illustration of discordant recognition (Lint/ sequences shown in Figure 2 and also in the shift of
coordinates for GCN4 in Figure 5.Ltot 0.45 and Ldef/Ltot 0.27). If we look at the sequence
logos for the protein-DNA and DNA deformation compo-
nents of these two complexes (see Figures 4C and 4D, Discussion
respectively), we can confirm the recognition mecha-
nism illustrated by our simple example. For BamH1, both We have presented a method for analyzing the sequence
specificity of protein binding to DNA. The only requiredEint and Edef sequence logos contribute to the overall
recognition and they both select very similar base distri- experimental input is an atomic structure of the corre-
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sponding protein specifically bound to a fragment of matrices can completely represent the information con-
tained in our energy calculations.DNA. It is demonstrated that our method yields results
very close to the experimental consensus sequences
Experimental Proceduresand is only weakly affected by small conformational or
sequence changes in the input structures (c.f. the results
Energy Calculations and Conformational Optimization
for multiple TBP and zinc-finger complexes). All conformational energy minimizations have been performed with
Our approach involves calculating the two energy the JUMNA program (Lavery et al., 1995), which uses an all-atom
representation of DNA and interacting species combined with se-terms most directly linked with binding specificity,
lected internal coordinates that enable us to reduce the numbernamely, the protein-DNA interaction energy and the DNA
of variables by an order of magnitude with respect to traditionaldeformation energy. Although these energies are calcu-
molecular mechanics calculations. Conformational flexibility is lim-lated using an all-atom representation and a standard
ited to variations of torsion angles and certain valence angles (those
atomic force field (enabling more accurate parameter along the nucleotide or peptide backbone and within the flexible
sets to be adopted as they become available), the use sugar or proline rings). All energy calculations use the AMBER
parm98 force field (Cheatham et al., 1999). Solvent and counter ionof a fixed conformation for the complex and a multicopy
electrostatic damping effects are included by using a sigmoidalrepresentation of the nucleic acid bases enables us to
distance-dependent dielectric function (with a slope of 0.356 and acarry out calculations fast enough to cover the full com-
plateau value of 80) and reduced net charges on the DNA phosphatebinatorial space for each binding site (which, for the
groups (0.5e) (Lavery et al., 1995). The only modification to the
cases studied here, involves up to 1011 sequences). standard AMBER force field is a soft-core Lennard-Jones potential
By concentrating on the sequence dependence of that avoids large repulsive energies when steric clashes occur be-
tween a bound protein and DNA for certain base sequences. Itsprotein binding, we avoid having to calculate many of
formulation involves a cubic potential which smoothly damps short-the terms that nevertheless make significant contribu-
range repulsion and limits its maximum value (chosen here to betions to the total free energy of binding. Therefore, while
10 kcal·mol1). Note that this potential only comes into play for theprotein deformation, desolvation, salt release, entropic
poor protein-DNA binding sites where bad choices of base se-
changes, and others effects certainly play major roles quence often cause steric hindrance.
in determining binding free energy, we assumed that
they would play only secondary roles in determining Rapid Energy Calculations for Variable Base Sequences
Energy calculations as a function of base sequence have beensequence selectivity. (It should be added that it is only
speeded up by the introduction of multicopy bases (Lafontaine andnecessary for these terms to be roughly constant for
Lavery, 2000a, 2000b). In this approach, each nucleotide has thegood binding sequences, since the cutoff used means
four standard bases (A, C, G, T) bound to its sugar C1 atom. The
that results only depend on such sequences.) The re- four bases are superposed upon one another and share a common
sults presented in this article appear to justify this as- C1-N1/N9 glycosidic torsion and bond vector. Each base within a
given nucleotide is associated with a variable coefficient specifyingsumption. Our other principal assumption was that a
its contribution to the energy calculation. The sum of the A, C, G,fixed complex conformation could be used for locating
and T coefficients is normalized to unity. Note that the four basesall good binding sequences. At least for the 18 protein
within a given nucleotide do not energetically interact with one an-complexes studied here, this assumption also appears
other and that, within duplex DNA, it is also possible to couple the
to be supported. coefficients of bases in both strands to ensure that only Watson-
In all these cases, we have shown that selecting the Crick combinations will occur for any given pair.
This multicopy approach allows us to carry out energy minimiza-best binding sites using a 5 kcal·mol1 energy cutoff
tion in sequence space (using the base coefficients as variables) orleads to binding site lengths and consensus sequences
to rapidly scan a large number of different sequences (setting ain good agreement with experiment. In two particular
single base coefficient to 1 for each nucleotide). The present studycases, involving the central bases of the bovine papillo-
uses the latter option. In this case, we calculate and store the energy
mavirus binding site and the flanking bases of the terms for the protein-DNA complex (and the reference DNA frag-
BamH1 site, we have also found a good agreement with ment, see below), taking into account the presence of any of the
four possible bases at each site. The resulting energy terms areexperimentally measured changes in binding free energy.
stored in a matrix, where diagonal elements correspond to baseThese results suggest that the crystallographic struc-
interactions with the DNA backbone or with a bound protein, and off-ture of a protein-DNA complex indeed contains enough
diagonal elements correspond to base-base interactions. In order toinformation to locate all the optimal binding sequences
subsequently calculate the energy for a given base sequence, it is
of the protein. Such data are often unavailable experi- sufficient to note which base coefficients will be 1 and to add up
mentally, and this approach may be helpful in generating the corresponding matrix elements.
enough information to attack the problem of searching In this approach, the complexation energy for a given protein-DNA
interaction is obtained by calculating the protein-DNA interactionfor potential binding sites within full genomes.
energy and the DNA deformation energy. This corresponds to calcu-It should be remarked that such searches can be di-
lating the total energy from our energy matrix and then subtractingrectly based on energy calculations (by simply “thread-
the energy of a reference B-DNA fragment with the same base
ing” the genomic sequence through the DNA fragment sequence (using the corresponding energy matrix for the isolated
within the corresponding complex) and do not have to DNA fragment). Note that it is easy to separate the protein-DNA
pass by the definition of consensus sequences or weight interaction energy from the DNA deformation energy by simply not-
ing the origins of each term in the stored energy matrices.matrices. Although we have used these tools in the pres-
ent analysis, it is remarked that they both assume that
Complex and Reference Conformationsthe choice of the bases at each position within the bind-
X-ray crystallographic structures from the Protein Data Bank (Ber-ing site is independent of the choice at all other posi-
man et al., 2000) were used as the starting point to build our protein-
tions. This is not generally the case (Benos et al., 2002) DNA complexes (see Table 1). We however modify, or extend, these
and is certainly not assumed by our energetic approach. structures in three ways:
• If the DNA fragment in the crystal is too short to reach beyondIn this sense, neither consensus sequences nor weight
Analyzing Protein-DNA Recognition Mechanisms
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the protein-DNA contact zone, we use a longer DNA fragment. Benos, P.V., Lapedes, A.S., and Stormo, G.D. (2002). Is there a
Alternatively, if the DNA is longer than necessary, it is shortened. code for protein-DNA recognition? Probab(ilistical)ly. Bioessays 24,
The part of the DNA corresponding to the experimental fragment 466–475.
is constrained to adopt the crystal geometry by using a set of Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N.,
quadratic atomic restraints generated by the program CONTACT Weissig, H., Shindyalov, I.N., and Bourne, P.E. (2000). The Protein
(Lebrun et al., 2001). Experimental errors and limited DNA flexibil- Data Bank. Nucleic Acids Res. 28, 235–242.
ity within JUMNA are allowed for by imposing restraints only be-
Cavener, D.R. (1987). Comparison of the consensus sequence flank-yond a radius of 0.1 A˚ around the experimental position of each
ing translational start sites in Drosophila and vertebrates. Nucleicatom.
Acids Res. 15, 1353–1361.• The protein is placed in its crystallographic position with respect
Cheatham, T.E., 3rd, Cieplak, P., and Kollman, P.A. (1999). A modi-to the deformed DNA, after the necessary missing hydrogen
fied version of the Cornell et al. force field with improved sugaratoms have been added. The positions of mobile hydrogens (be-
pucker phases and helical repeat. J Biomol Struct Dyn 16, 845–862.longing to hydroxyl, sulfhydryl, or methyl groups) are then opti-
mized by energy minimization, keeping the remaining atoms of Cheatham, T.E., 3rd, and Young, M.A. (2000). Molecular dynamics
the complex fixed. simulation of nucleic acids: successes, limitations, and promise.
• The crystallographic DNA sequence is replaced by an “averaged” Biopolymers 56, 232–256.
base sequence (i.e., all base coefficients are set to 0.25). The Dickerson, R.E. (1997). Sequence-dependent helix deformability in
DNA structure is then allowed to relax by energy minimization, the recognition of B-DNA. Biopolymers 44, 321.
maintaining quadratic restraints only on those atoms belonging
Ellenberger, T.E., Brandl, C.J., Struhl, K., and Harrison, S.C. (1992).to the protein-DNA interface (defined as those being less than
The GCN4 basic region leucine zipper binds DNA as a dimer of4 A˚ from any protein atom other than hydrogen). During this mini-
uninterrupted alpha helices: crystal structure of the protein-DNAmization, the positions of the mobile hydrogens of the protein are
complex. Cell 71, 1223–1237.again allowed to evolve, but the protein position is maintained
Elrod-Erickson, M., Rould, M.A., Nekludova, L., and Pabo, C.O.using quadratic restraints on C atoms regularly spaced along
(1996). Zif268 protein-DNA complex refined at 1.6 A: a model systemthe protein backbone.
for understanding zinc finger-DNA interactions. Structure 4, 1171–
This protocol generates structures that maintain the protein-DNA 1180.
interactions observed in the X-ray data, but where fine sequence-
Elrod-Erickson, M., Benson, T.E., and Pabo, C.O. (1998). High-reso-dependent structural details of DNA have been partially smoothed
lution structures of variant Zif268-DNA complexes: implications forout. The reference DNA structure for each complex is generated in
understanding zinc finger-DNA recognition. Structure 6, 451–464.a similar way, by energy minimizing a canonical B-DNA duplex of
Engler, L.E., Sapienza, P., Dorner, L.F., Kucera, R., Schildkraut, I.,the appropriate length, again using an “averaged” base sequence.
and Jen-Jacobson, L. (2001). The energetics of the interaction of
BamHI endonuclease with its recognition site GGATCC. J. Mol. Biol.Scanning Base Sequences
Once a protein-DNA complex and a DNA reference state have been 307, 619–636.
constructed, we can study the sequence dependence of complex Giudice, E., and Lavery, R. (2002). Simulations of nucleic acids and
formation by calculating the energies for the full combinatorial set their complexes. Acc. Chem. Res. 35, 350–357.
of possible sequences. There are 4N such sequences for DNA frag-
Giudice, E., and Lavery, R. (2003). Nucleic Acid base pair dynamics:ments formed of N base pairs. Since this number increases expo-
the impact of sequence and structure using free-energy calcula-nentially, we make a prior test to see if any base pair positions are
tions. J. Am. Chem. Soc. 125, 4998–4999.virtually unaffected by sequence changes. This can be judged from
Hegde, R.S., Grossman, S.R., Laimins, L.A., and Sigler, P.B. (1992).the precalculated energy matrices. These matrices show that there
Crystal structure at 1.7 A of the bovine papillomavirus-1 E2 DNA-are no significant base-base interaction energies beyond next near-
binding domain bound to its DNA target. Nature 359, 505–512.est neighbors. The total complexation energy can therefore be bro-
ken down into a series of terms including the “self” energy of each Hines, C.S., Meghoo, C., Shetty, S., Biburger, M., Brenowitz, M., and
base pair (which includes interactions with the DNA backbones and Hegde, R.S. (1998). DNA structure and flexibility in the sequence-
with the bound protein) and half the interaction energy of this pair specific binding of papillomavirus E2 proteins. J. Mol. Biol. 276,
with its nearest and next nearest neighbor base pairs. If we calculate 809–818.
these partial energies for all possible sequences involving each base
Jen-Jacobson, L., Engler, L.E., and Jacobson, L.A. (2000). Structuralpair (45 calculations), we know the range of energy that can be
and thermodynamic strategies for site-specific DNA binding pro-contributed to the total energy by any given base pair. If this range
teins. Struct. Fold. Des. 8, 1015–1023.is less than a chosen limit (1 kcal·mol1), the pair is kept in an
Jones, S., van Heyningen, P., Berman, H.M., and Thornton, J.M.“average” sequence state and excluded from the combinatorial cal-
(1999). Protein-DNA interactions: A structural analysis. J. Mol. Biol.culation. For the complexes we study here, such “silent” base pairs
287, 877–896.only occur at the ends of the DNA fragments, with the exception of
the two central base pairs of the trp repressor binding site. This Keller, W., Konig, P., and Richmond, T.J. (1995). Crystal structure
simplification implies that the remaining combinatorial never ex- of a bZIP/DNA complex at 2.2 A: determinants of DNA specific
ceeds 418 (6.9 	 1010) calculations (which, with our approach, re- recognition. J. Mol. Biol. 254, 657–667.
quires a few hours on an ordinary work station).
Kono, H., and Sarai, A. (1999). Structure-based prediction of DNA
target sites by regulatory proteins. Proteins 35, 114–131.
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